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ABSTRACT

A description of the progress in the various projects concerning

the materials development of water cooled reactors, sodium cooled

fast reactors and gas cooled reactors.

Similar reports have been issued regularly with an internal dis-

tribution only.
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INTRODUCTION

R. Blackstone

The activities of the Materials Department over the reporting period

can be subdivided into three categories :

a. Fuel and Fuel Element production and production developmenc

b. Fuel and Fuel Pin Materials research

c. Metals research

The department is divided into three sections according to this sub-

division of tasks. Under the new rules all the research and development

work is organized in well-defined projects. Each section carries out

one or more of these research and development projects. Each section

also has at its disposal and has the responsability for a number of

the instrumental faciliteis which are basic to its task.

Most, if not all of the work of the Materials Department can be classed

in one of the following basic RCN-activities.

1 Sodium Cooled Fast Breeder Reactor development, in collaboration

with Germany and Belgium (SNR-programme)

2 Water Reactor Research and Development, in collaboration with Dutch

o

industry (VOWR-programme)

3 Gas cooled reactor development, in collaboration and partly under

contract with the Dragon project, Kernforschungsanlage Jiilich

G.m.b.H. and Euratom (HTGR and GCFR-programme)

4 Fusion reactor research (FR-programme)
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:>. main activities of the Materials Department over the reporting

riod can be summarized as follows •'

The section "Fuel Element Fabrication"

This section works on the fabrication of fuel, fuel pins and fuel

elements. These are mainly fuel and fuel pins for radiation experi-

ments and prototype fuel elements, sometimes introducing one or more

new design features,for power reactors. The section operates a

complete small scale fuel element production line for UO -fuels,

both in pellet form and vibrocompacted. One of the tasks of the

section is the development and improvement of the fabrication

processes, the standardization of the procedures, and a modest

scaling up of the facility. This task was formalized in the course

of 1972 in the project 1.069, "Fabrication Development Fuel and

Fuel Pin" (VOWR), in which much attention is devoted to the produc-

tion of vibrocompacted U0„ fuel on sol-gel basis.

The section "Research on Fuel arid Fuel Pins"

The general task of this section is to build up a reservoir of

knowledge and experience on the behaviour of fuel and fuel pins

under inreactor service conditions, both steadystate and transient

or even accident conditions. In the course of 1972 most of the work

in progress was reformulated and redefined in the following projects:

1.413 "Investigation of the behaviour of fast reactor fuel pins

under thermal overload conditions", including out of pile

tube burst tests and irradiations in the HFR of fuel pins to

failure under stationary (SHOT) and under transient (LOC)

overload conditions. This experiment is aimed at providing

an insight in the conditions leading to fuel pin failure, the

mechanism of failure under these conditions and the possible

consequence of this failure.

1.051 "Investigation of the service behaviour of fuel and fuel pins"

(for water cooled reactors). This project includes fully in-

strumented irradiations of vibrocompacted and pellet UO -fuel

under modern PWR and BWR conditions in the high pressure water

loop in the HFR and in the Halden BWR respectively.

In particular the effect of localized mechanical interaction

between fuel and fuel cladding, in the presence of fission

- 9 -

products as a further complication, is studied. The theore-

tical counterpart of this work, performed by the Reactor

Design and Engeneering Department in close collaboration

with the Materials Department, is the construction of compu-

ter models for the simulation of fuel pin behaviour.

1.521 "Research on coated particles" (Gas cooled reactors)

This project includes the investigation of the irradiation

behaviour of fuel particle pyrocarbon coatings in planar and

spherical geometry and of fuel matrix and coated particle/

matrix compacts. As part of this work RCN participated in a

series of joint irradiation experiments in the HFR and BR-2,

under the auspice of Euratom, in cooperation with the Dragon

Project, Kernforschungsanlage Jülich G.m.b.H., and Belgo-

nucleaire S.A. These experiments included the irradiation of

coated particle fuel compacts at 900°C (HFR) and 1100°C

(BR-2), and the study of in-pile creep of coated particle

compacts. In particular the task of the RCN materials

Department in this series of experiments was the determination

of the in~pile creep properties of coated particles fuel

compacts by means of a restrained shrinkage experiment.

1.530 "Graphite research" (Gas cooled reactors).

This project consists of two parallel series of graphite

irradiation in the HFR in the temperature region 400 - 900 C

and 900 - 1350°C respectively. The work is aimed at providing

the design engineers with comprehensive data on the irradia-

tion behaviour of many commercial grades of candidate HTR-

graphite and to provide a mechanistic insight in the high

temperature radiation damage processes in carbonaceous

materials.

This section operates two important research tools essential

for its tasks. They are a hot metallography line, and a labo-

ratory for post-irradiation measurements on reactor graphite,

coated particle compacts and coated particles. The hot me-

tallography line was largely rebuilt in 1972 to make it

suitable for Pu-containing fuels. It now consists of 9 lead

cells and it is equipped with two remotely controlled micros-

copes. In this report a brief description of this facility is

given.



- 10 -

The graphite laboratory is equipped with a small lead cell,

mainly used for cleaning, sorting out and storage of irradi-

ated specimens. The most important measurement equipment,

for the measurement of dimensions, electrical resistivity

and Young's Modulus, is now automatic.

C. The section "Metals Research"

The task of the section "Metals Research" covers a wide variety of

subjects. The largest single project was project \1.420 "Radiation

Damage in (Fast Reactor) Cladding Materials" (SNR) in which a number

of aspects of the radiation damage in stainless steels 304 L and

316 L was studied. The part of the work dealing with high temperature

embrittlement was rounded off at the end of 1972, that dealing with

void formation in these materials was cancelled. Some work on void-

formation in other materials was finished. In the field of radiation

damage research a start was made with a new project, in close coope-

ration with Interatom G.m.b.H. This work deals with the irradiation

effects on deformation, creep and fatigue behaviour of the construc-

tion materials of the core and internals of the SNR300.

The Metals Research section also made contributions in the field of

the construction materials for water reactor fuel elements. This

concerned in particular various welding, brazing and soldering

techniques for spacer grids and some work on the texture and recrys-

tallization phenomena in Zircaloy-2.

A third main task was defined in project 1.620 "Superconductors"

(Fusion reactors). This project aimed at development of hard super-

conductors, of which V_Ga was chosen, and the study of radiation

effects on their superconducting properties.

The section "Metals Research" operates for the Materials Department

a wide range of metal analytical equipment, including an electron

microscope, an electron microbeam analyzer, X-ray diffraction

equipment, metallographic facilities and a modest but far ily com-

rehensive range of instruments for mechanical testing, both for

non-irradiated and irradiated metals.

2. FUEL AND FUEL ELEMENT FABRICATION

J.H.N. Verheugen

2.1. The fabrication of prototype fuel elements

The fabrication of two prototype fuel elements for the boiling water

reactor at Dodewaard was finished at the end of 1971. The elements

were shipped to the reactor site in the beginning of January. These

two fuel elements contain vibro-compacted fuel particles, prepared by

the sol-gel proces. This work has been carried out in behalf of the

sol-gel fuel development programme, a joint project of KEMA - GKN and

RCN. These fuel elements have been loaded in the reactor and have been

operated from the middle of February except for an interval of about

two months in connection with a shut down period of the reactor. The

estimated accumulated maximum burn-up at the end of 1972 was 7500

MWd/ton U02-

A third prototype fuel element for the Dodewaard reactor with pelletized

fuel was fabricated and has been operated at the same time. In this fuel

element zircaloy fuel rods spacers have been applied. For this fuel

element the estimated maximum burn-up at the end of 1972 was 8300

MWd/ton U0 o.

2.2. Prototype Fuel elements with burnable poison

According to the design study of the nuclear power reactor for ship-

propulsion, as proposed in the Nero development programme, carried out

under the Euratom - RCN contract N 0007-61-6PNIN, UB^ particles are

incorporated in the U0„ fuel pellets in order to obtain the required

core life without excessive control rod requirements.
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The feasibility of this concept ha? been demonstrated by irrauiaii

experiments under PWR-conditions in the high pressure loop in the HFR.

It was however of much interest to extend this demonstration by

irradiation under actual reactor conditions. This was possible in

cooperation with the Gesellschaft für Kernenergieverwertung in Schiff-

bau und Schifffahrt m.b.H., GKSS, at Geesthacht, Germany.

For this purpose 10 fuel rods, according to Otto Hahn geometry, were

fabricated. The fuel rods contain 6.6% enriched U0 2 pellets with 0.7

weight % UB, spheres with a diameter range of 110 to 125 microns.

Eight of these fuel rods have been mounted in the corner fuel elements

of the Otto Hahn reactor.

Also in cooperation with the GKSS three 120 mm long fuel pins containing

cylindrical U0„ pellets with a graphite B C poison core have been fa-

bricated and irradiated in the HFR. This work was carried out in behalf

of the GKSS fuel development programme.

2.3. The fuel element production facilities

The existing fuel rod production facilities for the fabrication of full

size prototype fuel elements for BWR power reactors were modified in

order to handle fuel rod lengths up to about 3 meters. The welding

apparatus is shown in figure 1.

Also the filling operation of the fuel into the fuel rods has been

changed for this purpose. This operation is now carried out in a helium

filled glove box, see figure 2. The helium atmosphere is closely con-

trolled with respect to moisture content to below 50 ppm.

These production facilities will be used for the production of proto-

type fuel elements with advanced design features. In fact the fabrica-

tion of four prototype fuel elements for the reactor at Lingen and for

prototype fuel elements for the reactor at Dodewaard was started. In

both cases the fuel element is equipped with zircaloy fuel rod spacers.

In a later state more emphasis will be placed on the application of

vibro-compacted sol-gel fuel.
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3. RESEARCH ON FUEL AND FUEL PINS

A. v.d. Linde

3.1. The investigation of the behaviour of fast reactor fuel pins

under thermal overload conditions. (H. Kwast and A. v.d. Linde)

^LliIsothermalclosed_endtubeburst_tests_on_L^BR_stainless_steel

For sodium-cooled fast reactors seamless tubing fabricated from vacuum-

melted austenitic stainless steels is the most attractive fuel cladding

material. Maintaining the wall thickness within specified tolerances

throughout the in-core life of the cladding is prerequisite for a pre-

dictable fuel pin behaviour. Local deviations from normal cladding

structure and in-core operating conditions can however result in

failure of the cladding. Deviations from normal in-core operating con-

ditions may lead to clad temperature^ in the range 950 - 1050 C.

Isothermal tube burst tests at these temperatures were performed to

determine the time to failure as a function of the wall temperature

and the gas pressure in the tube.

A general description of the burst test apparatus is given in (1).

An overall view of the apparatus and the main components are shown in

figure 1. The dimensions of the tested tube section are 5.24 mm inner

diameter x 0.38 mm wall thickness x 120 mm length. The tube wall is

heated electrically over a length of 80 mm by passage of an alternating

current through the wall. At the closed end the tube is free to move in

axial direction.
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The test tube is filled with 5.0 mm diameter alumina beads with a 2.0

mm central hole in which a thermocouple is located. The temperature is

measured at the midlength position of the heated zone. The gas in the

tube is pure argon and a 2.10 mm Hg vacuum exists on the outside.

li

C
CD

o
Q.
E
o
o
c
CO

E

c
CO

13
4<

COaa.
CO

XI
CD

XI

•a
c
(O

_o
o
CD
k.

•H
CO

a
CD

szen

Tube burst tests have been performed on two clad materials :

- Swedish 12R72HV ; 15 Ni, 14 Cr, 1.2 Mo, 1.7 Mn, 0.5 Ti, 0.1 C Rem.

Fe (all in w/o), 90 ppm B, in the solution annealed - air cooled -

15% cold worked condition.

- German Werkstoff 4988 ; 13 Ni, 16 Cr, 1.4 Mo, 1.2 Mn, 0.8 Nb, 0.7 V,

0.1 C, Rem.Fe (all in w/o), in the solution annealed - quenched

condition.

The 750 C yield strength, 0.2%, tensile strength and total elongation,
2as determined in the axial direction, are respectively 31-35 kg/mm ,

35 - 39 kg/mm and 27 - 33% for the Swedish and approximately 17 kg/mm ,
2

35 kg/mm and 33% for the German material.

The grain size is 8.0 - 9.0 ym for both materials. The room temperature

hardness values are 208 - 226 HV - 0.1 kg for the Swedish and 174 - 184

HV - 0.5 kg for the German material. The deviations from the specified

wall thickness and inner diameter were within +/- 0.03 mm for both

materials.

The estimated inaccuracy in the test temperatures and pressures is

+/- 10 C and +/- 0.5 kg/cm respectively. Because the total gas volume

in the tube section influences the mode of failure, this volume, in-
3

eluding that in the gas supply system, has been limited 15 cm , which

equals the free gas volume in an as-fabricated SNR type fuel pin. The

clad wall in a closed end burst test is strained principally in the

circumferential direction so that primary cracks propagate preferen-

tially in the axial direction, figure 2.

A log P - log t plot of the results at 950, 1000 and 1050°C is given

in figure 3 for the 12R72HV and in figure 4 for the 4988 material.

The data points show that the 4988 material gives a rather large

scatter. At 950 C even two distinct lines can be drawn through the

4988 data-points. Metallographic examination, hardness measurements and

detailed chemical analysis of the 4988 tube material revealed that the

two lines at 950°C correspond to two different fabrication batches.
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••>>,•>

Fig. 2 Outer surface and crack appearance of a 4988 tube, pressure tested up to failure after
(3.1.1.) 29 minutes at 1000°C and 65 kg/cm2. (20x)

- 19 -
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Ihe tubing giving the smaller P-t data, the lower 950" C line in figure

4, has on the average a 15^ smaller grain size., i 7% higner hardness

and a 4 - 7% higher Ni, V and C content relative to the tubing batch

giving the higher values. The properties of both batches are however

all within the clad specifications.

Because vanadium and carbon may act as grain refiners at certain tem-

perature conditions and smaller grains result in higher hardness

values, the metallographic determinations are in agreement with the

chemical analysis.

At high temperatures, above about 800 C for the austenitic stainless

steels, the bulk strength is determined mainly by the bonding forces

between the grain boundaries. The strength of the coarser grained

batch is therefore greater than that of the finer grained batch. The

convergence of the two 4988 lines at 950 C with increasing time to

failure indicates that the grain growth during the experiment is some-

what faster for the finer grained material. At 1000 and 1050. this

initially faster grain growth of the finer grained batch obscures practi-

cally completely the differences in tube bursting behaviour between the

two batches. Apparently the original small differences in the material

compositions and properties of the two 4988 batches only show up

clearly at burst test temperatures below about 975 C.

The time to failure of a thin walled cylindrical tube as a function of

internal pressure and temperature can be expressed as:

t =

where

P.
l

n

Q

R

T

= time to failure, in minutes

= material constant, in minutes (kg/cm )
2

= effective internal gas pressure, in kg/cm

•- material constant

= material strain activation energy, in cal/mole

= gas constant = 1.987 cal/mole. K

= tube temperature, in K.

According to stress-strain theory the constant c is itself a complex

quantity containing the tubing wall thickness and tube diameter as test

parameters. In the final report (2) on these isothermal burst tests

this aspect will be treated in detail.
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For the two tubing materials tested so far the following constants

were calculated:

12K72HV : c = A.10 x 1o" , n = 4.60, Q = 100.1 x 103 cal/mole

4988
,-10

: c = 2.789 x 10 , n = 3.27, Q = 98.8 x 103 cal/mole

For the 4988 material the constants were calculated on the basis of

all 950, 1000 and 1050 C measurements. The dotted line was calculated
o

with these constants and T = 1223 K = 950 C. A detailed description of

the experiments will be reported in the near future (2).

References

(1) A. van der Linde, H. Kwast, In and Out of Pile Experiments related

to the Safety of Fast Reactor Fuel Pins, RCN-133 (1970)

(2) W. van Witzenburg, Final report in preparation.

High_tem2erature_clad_failure_experiinents_on_single SNR-300

(H. Kwast and A. van der Linde)

One of the RCN contributions to the development of the 300 MWe proto-

type sodium cooled fast reactor, the SNR-300, consists of irradiation

in the HFR at Petten under abnormal conditions of single fuel pins up

to failure. Part of these experiments concern short term irradiation

of short length fuel pins, fabricated according to SNR pin dimensions,

in a sodium environment at approximately 600 W/cm heat rating, 1000°C

average clad temperature and internal gas pressures in the range

20 - 75 atmospheres. The abnormal irradiation condition, in this case

the high average clad temperature, causes early failure of the pin.

Except for the determination of the time to failure, tf, as a function

of the effective internal pressure, P., also post-failure pin examina-

tions are performed in the hot laboratory. These P.I.E. results should

contribute in obtaining a model for the mechanism and consequences of

the failure.

A general description of the fuel pin and irradiation capsule is given

in (1) and (2). The capsule is shown in figure 1. The fuel pin consists

of 5.10 mm diameter, 8% enriched U0„ pellets with a stack length of 80 mm

Thermo-couple

numbers:

1

3

4

5

Fig. 1 Swing-in capsule
(3.1.2.)
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and clad in 5.24 mm inner diameter x 0.38 mmwall thickness of 12R72HV

tubing. To avoid heat flux peaking at both ends of the enriched fuel

column a pellet of natural U0 ? + 1.3 w/o UB, particles is incorporated.

A minitube is welded in the top plug such that the gaspressure in the

fuel pin can be adjusted accurately before and is constant during the

irradiation. The fuel pin is surrounded by sodium in which thermocouples

are located for sodium measurement.

Four experiments, A - D, have been performed sofar. The average clad

temperatures, based on the thermocouple readings during the experiment,

were approximately 1025 C at the inner wall and 975 C at the outer

wall. The effective clad failure temperatures have also been calculated

by substitution of the P. and t,. values in the "isothermal closed endy if
tube burst" relation :

t = 4.140 x 10
_ -4.60
?i exp

x 10'

RT

where

P.
l

R

T

= time to failure in minutes

= effective internal gas pressure in kg/cm^

= gasconstant = 1.9867 cal/mole K.

= absolute temperature in K.

The results of the four experiments are tabulated below

Experiment

A

B

C

D

P. in kg/cm

64

52

47

41

tf in minutes

80

230

240

420

calculated T in C

970

967

980

983

In view of the possible errors in averaging the thermocouple measurements

the agreement of the calculated failure temperature with the average

outer clad surface temperature of 975 C is surprisingly good. Post-

irradiation examination of experiment B revealed that failure, near the

top of the enriched fuel column, occurred in the form of a small crack

in the clad wall, figure 2. The appearance of the crack walls indicates

that cracking started at the inner wall surface, propagated initially

perpendicular to the wall surface to a depth of about 60% of the wall
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Fig. 2 Transverse cross section of the crack through the cladding wall at the upper end of fuel pin B.
(3.1.2.)

Fig. 3
(3.1.3.)

Transverse cross section of the cracks in the inner cladding wall at the lower end of fuel pin B.
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thickness and propagated further to the outer wall surface along 45

slip planes in the apparently ductile austenitic stainless steel.

A cross section, figure 3, through the lower end of the fuel stack

confirmed that cracking started from the inner clad surface.
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Another RCN contribution to the development of the 300 MWe prototype

sodium cooled fast reactor, the SNR-300, consists of irradiations in

the HFR at Petten under abnormal conditions of single fuel pins beyond

failure.

Part of these experiments concern short term irradiations of short

length fuel pins, fabricated according to SNR pin dimensions, in a

stagnant sodium environment at an average heat rating of 560 W/cm and

at an average clad temperature of 650 C. After approximately one hour

irradiation at these constant conditions a "loss of cooling" condition

is achieved by blowing away the NaK from the annulus surrounding the

sodium containment.. The main experimented variables are the time inter-

val between the start of the cooling disturbance and the reactor scram,

called the LOC-time, and the initial internal gas pressure in the fuel

pin. The sodium temperature increase rate during the cooling disturbance

period lies in the range 60 - 100 C/second. The ultimate object of the

experiments is to obtain a model for the loss of cooling fuel pin

failure mechanism. Special attention is given to the mode of fuel

ejection, fuel relocation and the extent of fuel-sodium interactions.

A general description of the fuel pin and irradiation capsule is given

in (1). The capsule is shown in figure 1. The fuel pin consists of 5.10

mm diameter, 8% enriched UO pellets with a stack length of 250 mm and

clad in 5.24 mm inner diameter x 0.38 mm wall thickness of 12R72HV tubing,

Fuelpin

Sodium

Shroua tube (SS)

Sodium

First Containment (SS)

Nak

Second Containment (SS)

Gas gap

Aluminium shroud

Third containment

Coolant (water)

Coolant tube (SS)
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Fig. 1
(3.1.3.)

Loss of cooling capsule.
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To avoid heat flux peaking at both ends or the enriched fuel column a

pellet of natural UO + 1.3 w/o UB, particles has been incorporated.

A minitube is welded in the top plug such that the gas pressure in the

fuel pin can be adjusted accurately before the start of the loc-period.

The fuel pin is, going from the inside to the outside, surrounded by

sodium, a stainless steel shroud tube, sodium, the first stainless steel

containment, a NaK filled annulus, the second stainless steel contain-

ment, an annulus filled with a helium/nitrogen mixture, an Al-tube, the

third sta.'nless steel containment, an annulus with flowing water, an

aluminium tube and finally the poolwater of the HFR.

In 1972 the post-irradiation examination of experiment L03 has been

completed and the irradiation of experiments L04 and L05 was performed.

The main results of these three experiments are given in the table below.

Irradiation conditions of the loss of cooling experiments L03, L04 and L05.

Capsule nr.

Average specific power

Effective LOC-time

Start-time of Na-boiling

Na-temperature before LOC

Na-temperature at boiling start

Na-temperature at scram time

Na-temperature increase to boiling

Length of failed cladding

Disintegration of fuel column

Failure of the shroud tube

W/gr

sec

sec

°C

°C

°c
°C/sec

mm

L03

261

8.3

7.6

490

1053

1076

77

150

no

no

L04

264

12.4

7.2

595

1052

1345

69

180

yes

yes

L05

275

16. 7

7.8

580

1027

1175

64

250

yes

yes

The fuel column of L03 remained intact, figure 2, while the cladding

was molten over a length of 150 mm. The white lump on figure 2 is the

molten cladding. The photograph further shows the shroud tube and the

first containment tube.

The aim of experiment L04 was to achieve that molten fuel penetrated

into the sodium resulting in a fuel-sodium interaction.

- 29 -

Fig. 2 Radial cross section of capsule L- 03 at about mid- length position of the failed area. The white
(3.1.3.) lump is solidified stainless steel cladding. (10 x)
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nat.UO2

nat.UO2+t3?c,UB4

UO2 -8%enr.

(b)

Fig. 4 Outer and inner appearance of the shroud tube of L- 04 at about mid length position of the
(3.1.3.) fuel column (2.5 x)

Fig. 3
(3.1.3.)

Neutron radiographs of capsule L-04 (a) and L-05 (b). The location of the thermocouples
are given in the centre (about 0.5 x)
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The neutron radiograph, figure 3, shows that the fuel stack disinte-

grated at two positions, while the cladding was molten over a length

of about 180 mm. During dismantling of the capsule in the hot labora-

tory some holes in the shroud tube, figure 4, were observed, while

moreover indications of failure of the first containment were obtained.

The latter indicates that the pressure in the sodium annulus increased

considerably which in turn resulted in a higher boiling, point of the

sodium than the 1050 C at the original pressure of 4 kg/cm absolute.

After cutting through the middle section of the shroud tube, the

greater part of the fuel could be removed easily. Part of those fuel

particles are shown on the upper photograph in figure 5, where the

clad particles are indicated by arrows. Some fuel particles appeared

as hollow cylinders, as in figure 3, as well as in figure 5. Apparently

towards the end of the experiment, when most of the cladding had al-

ready melted away, molten fuel flowed out of the fuel centre into the

surrounding sodium annulus, disintegration of the fuel column took

place and hot fuel particles contacted and penetrated successively the

shroud tube rather extensively and the first containment only very

slightly. Fuel debris from the capsule obtained after dissolution of

the sodium is shown on the lower photograph in figure 5.

During the L05 experiment which was equipped with calibrated pressure

transducers, the complete sodium pressure- and temperature-history,

figures 6 and 7, has been obtained. The location of the thermocouples

relative to the fuel column corresponds to that given in figure 3. The

pressure pulse started 0.9 seconds before the reactor scram and reached

its maximum of approximately 12 bar about 0.15 seconds after the start

of the pulse and 16.9 seconds after the start of the experiment. Sodium

boiling, as measured by thermocouple 2, started after 7.8 seconds.

Thermocouple 1, located at the bottom end of the fuel pin, reveals a

peculiar history. After 15.8 seconds the temperature increases within

0.1 seconds from 325 to 1050 C, remains constant at 1050 C during 0.8

seconds and increases then to 1500 C in 0.3 seconds. Because this last

high temperature peak occurred simultaneously with the pressure peak

these phenomena can be attributed to disintegration of the fuel column

and the dropping of very hot fuel particles down to the bottom of the

sodium annulus where still some liquid sodium was present.
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Fig. 5 Fuel particles from the middle section of the failed fuel column and fuel debris from the
{3.1.3.) capsule obtained after dissolution of the sodium. (2.5 x)
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Fig. 7 Temperature and linear heat rating history of respectively the sodium around the fuel pin
(3.1.3.) and the fuel pin of capsule L-05. The plotted temperatures have to be increased by 3%.
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this fall apparently a hot fuel particle passed very closely

thermocouple 1, resulting in the relatively V!r:h tc~pci\:ture peak.

The results obtained so far from the loss of cooling experiments

indicate that LOC-conditions may result in failure of adjacent pins

when the reactor scram is not initiated within some seconds after the

start of the sodium boiling.
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3-2« 4j_ _l£rsdiation_behaviour_of_vibrasol_fuel_gins (E.B.M. Majoor)

Part of the RCN research on fuel elements for water cooled power

reactors concerns the application of "vibrasol" fuel pins in a joint

project of KEMA - GKN and RCN. These are fuel pins, containing compac-

ted sol-gel U0? microspheres. Two instrumented fuel assemblies, IFA-204

and IFA-205, consisting of four and seven "vibrasol" fuel pins respec-

tively, are being irradiated in the OECD Halden Boiling Water Reactor

since 1971. On March 31, 1973 the average burnups of IFA-204 and

IFA-205 were respectively 8.5 MWd/kg U0 2 and 12.4 MWd/kg U0

In assembly IFA-204 two fuel pins are equipped with cladding and fuel

stack elongation detectors. The cladding and fuel stack lengths are

approximately 1700 and 1520 mm respectively. The elongation measurements

are carried out four times per day during steady reactor operation and

up to four times per hour during reactor power changes. In addition to

these intermittently performed measurements, information of dynamic

behaviour of the fuel pin is obtained regularly by connecting the

transducer signals to fast responding recorders.

Results from the intermittent measurements during one complete power

cycle are presented in figure 1. They cover operation during a power

increase, operation at a constant power, shown as a rectangle in the

figure, and operation during a subsequent power decrease. The curve

shows that after a period, up to approximately 300 W/cm, without

mechanical interaction between fuel and cladding, a definite inter-

action is established during the last part of the power increase, up to

450 W/cm.
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The average strain of ehe fuel pin cladding decreases rapidly to zero

at constant power operation.

A peculiar behaviour occurs during the first part of the power decrease.

The cladding length is reduced to a value below that which is equiva-

lent to the free thermal expansion of the cladding. Thus the cladding

is axially compressed during the power decrease period where the fuel

is still in contact with the cladding. On decreasing the power further,

below 300 W/cm, the cladding becomes freestanding again and the reduc-

tion in elongation corresponds with the thermal shortening of the

cladding tube. The permanent cladding elongation is approximately 0.02%

per 10 MWd/kg U09 burnup.

The fuel stack elongation measurements in both pins indicate that the

axial movement of the fuel relative to the cladding tube is negligible.

Figure 2 gives an example of the "races which are obtained during a

continuous recording of the cladding elongation transducer signals. The

upper trace gives the variations of the neutron flux of the HBWR during

10 minutes, the lower two traces show the elongation of the two fuel

pins. Evaluation of these traces indicates that variations in the

reactor flux of 1 - 2% with a period of 10 - 20 seconds results in

fluctuations in the fuel pin length with a delay of about 2 seconds.

The maximum amplitude of these fluctuations is slightly less than half

the elongation which is measured going from zero to full power.

Examination of all traces obtained sofar indicates that :

- the fluctuation amplitudes do not decrease during operation at almost

constant power.

- during a power decrease the fluctuations disappear in the low power

"free standing clad" region where the pin shortening also disappeared.

- on a prolonged operation at almost constant power in this initially

"free standing clad" region the fluctuations reappear gradually after

a couple of days.

- when a period of operation at constant nominal reactor power is followed

by a gradual power decrease, then the cladding undergoes compressive

axial forces. This results in slip of the fuel along the inner cladding

wall with intermittent sudden cladding length increases up to 0.02%

of the fuel pin length.
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•L.1:L;5_I £oaj:ed_paj:ticle_ research (R* Blacks tone, w.j. v prints}

The work performed during the reporting period included coated particle

compacts (made of dummy, i.e. unfuelled coated particles), loose dummy

coated particles and loose coatings. It all formed part of a number of

collaborative programmes together with the Dragon Project, Kernforschungs-

anlage Jülich and others. In the area of coating materials the atten-

tion has shifted away from loose coatings in the form of flat discs

since there have been indications that neither the material characte-

ristics nor the behaviour of unrestrained flat discs is in all cases

representative of coating layers in spherical geometry, restrained

however by a stabile inner Si^.-layer. A second change was the emphasis

on advanced coatings, prepared from propylene and butane, rather than

from methane. Results are not yet complete. A number of irradiation

results became available on a limited series of dummy coated particle

compacts, prepared by the Dragon Project on the basis of their over-

coating process. Together with irradiation results from the Dragon

Reactor it gave sufficient experimental data and mechanistic under-

standing to provide a semi-quantative picture of the property behaviour

and internal particle-matrix interaction forces within an HTR fuel

compact. The data further shows that for fast neutron fluence tempera-

ture combinations applicable to low enriched power reactors of the

"pin-in-block" and "multihole block" designs the phenol formaldehyde

resin/natural graphite matrix, overcoated structure, fuel compact of

pressed annular or cylindrical form meets the thermal, mechanical and

dimensional stability requirements of these designs. The work is to

be published at the BNES International Conference "Fuel Element

Performance", London, October 1973 (1).

Another major research topic was the in-pile creep behaviour of dummy

coated particle compacts. This work formed part of a collaborative

programme, performed in the reactors HFR (Petten) and BR-2 (Mol) under

the auspice of Euratom. Participants to this programme were the Dragon

Project, the Kernforschungsanlage Jülich, Belgonucleaire and RCN.

RCN in particular contributed experimentally to the determination of

the radiation creep properties by means of a restrained shrinkage

experiment. In this type of experiment, compacts pressed in the form

of tensile test specimensare restrained from shrinking by restrainers,

made out of less shrinking graphite.

in the course of the year capsules E99-2 and -3 were irradiated and a

preliminary analysis of the results has been made. The first results

have confirmed what was feared, namely that it is impossible to

obtain the same resolution and precision as with graphite. But

despite some farily serious experimental limitations a reasonably

consistent picture about the behaviour is emerging. The results show

that compacts generally behave in the same way as reactor graphites

in that their steady state creep constants fall within the same data

band as those of graphite ( 2 ) , but generally on the high side. This

agrees with the expectations based on the low modulus of elasticity

of these compacts. Results will be published elsewhere.
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3^J^6^ Gra2hite_Research (R. Blacks tone, H.J. Veringa)

Since 1963 a collaborative programme of graphite irradiations is con-

ducted in the HFR Petten, under contract with the OECD High Temperature

Reactor Project Dragon, the Kernforschungsanlage Jülich and Euratom

Petten. The objective is to determine the dimensional changes, the

in-pile creep behaviour, and the changes in physical properties of

reactor graphites due to fast neutron irradiation in the temperature

range 400 - 1400 C. During the reporting period the irradiation of two

high temperature (i.e. 900 - 1050 - 1200 - 1350°C) capsules, the two

22 and 24, and one medium temperature (i.e. 400 - 600 - 750 - 850°C)

capsule, number 19, was finished. The PIE-work was nearly completed.

The objective of the present stage of the programme, to the fuel-

fillment of which the above capsule marked another step forwards,

are the following:

a) To finalize the data on a variety of isotropic reactor graphites on

the basis of Gilsonate coke, made on a production scale by various
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European manufacturers. These materials were considered as condidate

materials for moderator and reflector block structure in power gene-

rating HTR's. A Gilsocarbon based graphite was specified for the

fixed inner reflector of the THTR reactor which is presently under

construction at Schmehausen. Gilsocarbon graphite possesses a number

of very attractive properties, such as good isotropy, high strength

and excellent dimensional stability, yet it has a number of serious,

mainly economical, disadvantages of which high cost and uncertain

supply are the most serious. It also has become clear that the

requirements on dimensional stability and isotropy could be relaxed

somewhat. The various Gilsocarbon materials were treated as a group of

basically identical materials with differing properties as a result of

different manufacturing procedures. The data have been analysed with

the aim of finding a correlation between the physical properties and

the irradiation induced dimensional change. The results were published

(1) at the 11th Biennial Conference on Carbon, held in Gatlinburg

Tenn. June 1973. The main conclusions were:

1) that although individual dimensional change date can be fitted

fairly accurately to simple analytical functions, these curves are

of ao particular value for extrapolation of data beyond the turn-

around point.

2) That there is no single correlation between physical properties and

radiation induced dimensional changes. A reasonably good correla-

tion was observed between initial Young's Modulus and the initial

shrinkage rate at 1200 C but here some exceptions have now given

evidence that the picture is far more complicated.

b) To finalize the data on isotropic and semi-isotropic graphites based

on pitch coke and petroleum coke. A number of years ago a survey was

made of the available isotropic and semi-isotropic reactor graphites

based on cokes other than Gilsonite to provide an alternative,

possibly cheaper material, of which the raw material supply could be

assumed guaranteed. A number of these materials was selected for

irradiation in the HFR. Sufficient data have become available now to

provide a consistent over-all picture of their behaviour. Results are

submitted for publication (2) at the BNES International Conference on

"Fuel Element Performance", London, October 1973.

The main conclusion from this work are that in the evaluation of
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candidate graphites for use in HTR fupi elo.-er^s account ,;IUSL De

taken of the inter-dependent nature of graphite properties. This

means that apparent advantages gained by individual changes or va-

riations in one or more of thermal expansion, strength, E-modulus

and rates of dimensional change on irradiation tend to be counter-

acted by effects in consequent changes of other parameters. The

engineering evaluation of candidate graphites should be made by

comparing values of the thermal shutdown strain merit factor M b

TRR
and the irradiation shrinkage strain merit factor M , using

physical property values at their current temperature and irradiation

conditions. Particular attention has to be paid however to anisotropy

and thermal conductivity.

c) To provide data on cheap semi-isotropic reactor graphites. This

work has only just begin to yield some data.

d) To provide data on the effect of changing the irradiation tempera-

ture such as may result suddenly from changes in the reactor opera-

ting conditions or gradually with burn-up. The change in temperature

is effected experimentally by reinserting specimens in different

temperature zones after an initial irradiation. Results on reactor

graphite indicate that the effect of either increasing or decreasing

the temperature by a few hunderd degrees C is measurable but techno-

logically probably not very significant. For matrix the effects

appear somewhat larger. Mechanistic insight is lacking altogether

and the data obtained sofar do not give a completely consistent and

satisfactory picture. Results were published (3) at the 11th

Biennial Conference on Carbon, Gatlinburg, Tenn, June 1973.

References

(1) R. Blackstone, R. Krefeld, W.W. Delle, M.R. Everett, D.L. Leushacke,

H.J. Veringa, "Irradiation Behaviour of Gilsocarbon graphites",

Paper presented at the 11th Biennial Conference on Carbon, June

4-8 , 1973, Gatlinburg, Tenn. U.S.A.

(2) M.R. Everett, R. Blackstone, R. Krefeld, W.W. Delle, "The

Irradiation Behaviour of HTR graphites", Paper for the BNES Conf.

London, September 1973. (Intern RCN-73-057).

(3) W.W. Delle, M.R. Everett, R. Blackstone, R. Krefeld, "Effects of

changes in irradiation temperature on the irradiation behaviour of

graphites and matrix materials", Paper presented at the 11th Biennial

Conf. on Carbon, June 4-8, 1973, Gatlinburg, Tenn. U.S.A.



- 44 -

3,1.7. Post-irradiation measurement techniques for graphite
^ _ B̂> -». * — • — «^ ~4 ^ ^ «*,. . ^ ^ ^ _ „» _ _ ^ , __» ^B. ^ _ , ^p^ « ^ ^ _ , .« ^ _ M , H , ^ ^ ^ ^ «^. ^ ^ ^ _ _ * ^ ^ _ ^ _ ^ ^ ^ _ ^ _ ^ w_ .« «w* _ _ pH* ^P* ^ — * ~ ^ ^ « * . ^ M ^ — «^ « * *»̂  ^™ ^V>^^ >̂ta ««A « ^

(K. Heeringa, H.J.B. Lucas Luyckx, J. de Niet, B.L.H. Oosterman,

H.J. Veringa).

In the irradiation programme on graphite and compacts usually relatively

little time is available for property measurements between two irra-

diations. Since the number of specimens from one irradiation capsule

is rather large, about 500, and since the specimens all have a standard

ji^c and .ihape, a number of measurement procedures could in principle

be made automatic. Jlost readily amenable to automation is measurement

of dimensions and electrical resistivity. This was succesfully done in

the period 1970 - 1971 (1) and the equipment has proved to perform

very satisfactorily. In the reporting period attention was devoted to

the automation of the equipment for the measurement of Young's Modulus.

This measurement relies on the determination of the sound velocity by

a resonant bar technique. The resonant frequencies of the fundamental

and a number of overtones of the basic longitudinal vibration mode is

counted. A critical point is the selection of the relevant resonance

peaks from a large number of resonance peaks on scanning over the

frequency range from 30 to 250 kHz. It is here that in the manual

measurement the operator has to make a judgement. To solve this problem

in the automation a frequency dependent amplifier was designed, which

amplifies the signal from the receiver in such a way that the peak

height of the relevant peaks is approximately constant over the entire

frequency range. As the longitudinal resonance peaks have always a

larger amplitude than the neighbouring peaks from other vibration

modes a peak detector and a threshold detector can be used to select

the proper resonance peaks. Although the equipment was not yet finished,

first results indicated that this system could work satisfactorily.

A further development which was started in the combination of the three

measurements, dimensions, Young's Modulus and electrical resistivity,

into one single instrument which furthermore is more versatile with

regard to specimen dimensions. The measurement of the irradiation creep

coefficient by means of the restrained shrinkage method relies on the

accurate measurement of length at the irradiation temperature, normally

performed with a relatively single silica dilatometer. This type of

measurement is however notoriously time consuming. Furthermore measure-

merits from 1150 C upwards become next to impossible due to the softening

of the silica and to compatibility problems in general. This problem

can be avoided by using an optical sensor which in addition facilitates

automation. An automatic equipment based on laser interferometry is in

the development stage, in collaboration with TNO.
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3̂ .1̂ .8j. Metalloglü£!}i£_faci 1 i ty__for^examinat ion_of_i££adiated fuel

gins. (A. van der Linde and Th. Schoots).

Since 1963 metallography on fuel pin cross sections has been performed

by RCN in lead shielded plastic boxes using ball-tong units to handle

the specimens. The gradual development of hair cracks in the boxes and

the demand to examine high burnup mixed U/Pu fuel neccessitated a com-

plete revision of the facility. This included the incorporation of a

new posting port system, the installation of a second microscope and

replacement of the plastic boxes by stainless steel boxes.

Moreover most of the small windows were replaced by 310 mm wide x 260 -

310 mm deep x 340 - 500 mm thick windows.

A plan of the lead shielded line, figure 1, shows that it consists of

nine separate boxes. Except box 5-a, which is completely made from

perspex sheet, the boxes are made of stainless steel with 990 mm wide

x 770 mm deep perspex windows at the backside. The Polyvinylchloride

tubes interconnecting boxes 2 - 8 contain lids at both ends can be

closed gastight by means of the balltong units. The connection between

boxes 1 and 2 consists of a square aluminium tube, again equipped with

gastight closing lids at both ends.

In the boxes a nitrogen atmosphere, 50 mm subatmospheric water pressure,

is maintained at a nitrogen flow of 200 liter/hour for each of the

boxes 2 - 8 and 300 liter/hour in box 1, equivalent to 1/5 x the box
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volume/hour. Each box is automatically monitored for oxygen concentra-

tion in the cell atmosphere. During normal fuel pin section examinations

this concentration varies betveen 0.5 and 4 volume percent, but if

required it is lowered easily to less than 0.1 v/o oxygen.

The boxes 2 - 8 and 1 are shielded with 178 mm and 254 mm thick lead

bricks respectively. A front view of the cell line is presented in

figure 2. The general philosophy behind the construction of the

machines in the boxes 1 - 4 and 7 - 8 was to use reliable, cheap

machines, fabricated in the workshop from ordinary components. Upon

eventual failure most of the machine parts can be replaced easily in

the cells by new parts.
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4. METALS RESEARCH

J.D. Elen

4.1. Radiation damage research in reactor materials

luence_of_fast_neutron_irradiation_on_deformation_mechanisms

^j^ti (J«D. Elen and M.I. de Vries)°l
A research programme, conducted within the framwork of the SNR project,

was finished. In this experiment tensile specimens of stainless steel

type AISI 316L were irradiated at 100 C to fast neutron fluences of
iQ in in ? D ?

1 x 10 , 1 x 10 , 6 x 10 and 3 x 10 n/cm (E > 0.1 MeV) in the

HFR at Petten. The sample consisted of fully annealed (ASTM grainsize 7)

flat specimens (3 x 1 mm gauge length). The influence of irradiation

on macroscopic tensile deformation phenomena were compared with micros-

copic observations of radiation damage and dislocation structures. The

studied phenomena were: temperature and strain rate dependence of the

flow stress, yield phenomena and macroscopic work hardening behaviour

and athernal strain independent radiation hardening.

The analysis was published in November 1972 at the BNES European Conf.

on "Irradiation Embrittlement and Creep in Fuel Cladding and Core

Components", held at London. Some observations quoted here. At a fluence

level of 6 x 10 and higher, damage clusters (> 20 X) appear as black

dots in transmission electron microscopy. They anneal out in the tempe-

rature range 400° to 600°C. These black dots were observed to attract

carbon. This process could explain the reduced work hardening that was
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] 9 20 2
observed for the fluence levels of 6 x 10 and 3 x 10 n/cm , when

tested at 100 C or at higher temperatures. It could also account for

the strain dependent increase of the radiation hardening for the

fluence levels of 6 x 10 and 3 x 10 n/cm , when tested at 200°C to

400 C. The black dots were found not to influence the strain dependent

radiation hardening nor was there an influence on the activation volume.

The damage dots were shown to be responsible for the athermal strain

dependent radiation hardening.

19 ?
At fluences below 6 x 1 0 n/cm~ no visible damage was observed. Defects

were however produced, as apparent from the mechanical effects. They

were found to anneal already between 200 C and 400 C. The defect den-

sity seemed to increase with increasing dose up to a fleuence level of
19 2

6 x 10 n/cm , where a saturation level is reached. The strain depen-

dent radiation hardening and the reduction and strain dependence of the

activation volume are primarily related to these defects. Also the

process of dislocation channeling, as indicated by both strain depen-

dences, is due to these submicroscopic defects. The density of these
19 2

defects increases with increasing dose. At a fluence of 6 x 10 n/cm

the maximum is reached, while the small black dots start to appear in

transmission electron microscopy.

Reference

(1) M.I. de Vries, J.D. Elen, G.L. Tjoa, and A. Mastenbroek.

"influence of Fast Neutron Irradiation on Deformation Mechanisms

of Stainless Steel type AISI 316L". BNES European Conference on

"irradiation Embrittlement and Creep in Fuel Cladding and Core

Components", London, 9-10 November 1972.

I2llyence_of_helium_and_boron_traces_on_the_mechanical_2roger-

AISI304Land3j6L.

A research on the high temperature embrittlement of the austenitic

stainless steels 316 (canning) and 304 (general in-pile construction

material) was concluded. The research was made in contribution to the

SNR project. For these experiments a series of 304L and 316L alloys

was prepared with a variation in boron content from 1 ppm to 50 ppm.
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TensilThe boron added was the pure isotope

fully annealed and in the aged cold worked conditions were irradiated

in the HFR at Petten to a fast neutron fluence of about 3 x 10 n/cm2

Of) ? *? n o

(E > 1 MeV) and thermal fluences of 2.0 x 10 n/cm and 3.7 x 10" n/cm".

The irradiations were performed at 500 C, producing a helium content

ranging from 0.1 to 15 ppm, mainly through fission of B , and at 100°C

producing snail loop type damage as well. The influence of helium (and

of boron in the unirradiated controls) on the high temperature mechani-

cal properties were studied leading to a comparison of the 100 h creep

rupture stress at 600 C. Boron was found to have a positive effect on
304L, the increased for the fully annealed condition from 16

kg/mm at 3 ppm to 22 kg/mm at 50 ppm. Increasing helium impurity

reduces the creep rupture strength of the irradiated fully annealed

304L; 2 2
drops from 17.8 kg/mm at 0.15 ppm to 15.0 kg/mm at 10.3

ppm. The high helium creep rupture line however has a lower slope and

the difference disappears after about 1000 h. The mechanical properties

of the 316L were found to be less sensitive for boron or helium varia-

tion. The influences of irradiation temperature and of the dislocation

network in the cold worked 304L on the mechanical properties at 600 C

are discussed in terms of the distribution of helium in the matrix.

The results were published at the BNES European Conference on "Irra-

diation Embrittlement and Creep in Fuel Cladding and Core Components",

London, 9-10 November 1972 (1).

Reference

(1) J.D. Elen, W. van Witzenburg, M.I. de Vries and A. Glas.

"Influence of Helium and Boron Traces on the Mechanical Properties

of AISI 304L and 316L at 600°Cn, presented at the BNES European

Conference on "irradiation Embrittlement and Creep in Fuel Cladding

and Core Components", London 9-10 November 1972.

temper a ture_upon

«D* Elen)

The effect of low temperature irradiation on the tensile properties

have been analyzed in a cooperation with the IMF of GfK. The mechanical

analysis of the flow stress was made at the Karlsruhe centre and the
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metallographic analysis of the radiation induced defects at the Petten

centre. The activation volume AV of vanadium of technical purity was

influenced by neutron irradiation. The change in AV was found to be

dependent on the oxygen content as well as on the irradiation tempera-

ture. Various aspects of this research have been published at the

BNES European Conference on Virradiation Embrittlement and Creep in

Fuel Cladding and Core Components", London, 9-10 November 1972 (1)

and in the Journal of Nuclear Materials (2).

References

(1) M. Bocek and J.D. Elen, "Influence of Nuetron Dose and Irradiation

Temperature on the Activation Volume of Vanadium", BNES European

Conference etc.

(2) M. Bocek and J.D. Elen, "The Dose and Strain dependent of the Ac-

tivation Volume of Vanadium irradiated with Fast Neutrons",

J.Nuclear Materials AA, (1972) 194-206.

iron-bombarded

nickel^

In cooperation with colleagues of the Ames Laboratory and of the CEUG

a research has been conducted on the spatial distribution of voids

produced in nickel during ion irradiation. The irradiations were con-

ducted at Grenoble and the stereo electronmicroscopy at Petten. For
2+

100 Kev Ni ions, the penetration depth in nickel was calculated to

be about 280 A. At the irradiated surface, there was observed a denuded

zone of •v 300 A, followed by a void zone of about A00 A. The void zone

appeared to extend well beyond the penetration depth.

This result did imply that the nucleation mechanism, based on displace-

ment spikes is probably ineffective and that the irradiation could exert

an appreciable heating effect in the void zone, as has been elaborated

in the journal Radiation Effects (1).

Reference

(1) C.W. Chen, A. Mastenbroek and J.D. Elen, "An Electron Stereomicros-

copy Analysis of voids produced in Nickel during ion irradiations",

Radiation Effects 16 (1972) 127 - 132.
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A. 2. Research and ^evolcprr.c~t in connl/juiion to ttie iuel element

fabrication project.

A. 2.1. Specification for zircalov tube. (B. v.d. Schaaf)

A literature study has been performed to meet the purposes of the RCN

research and development on fuel elements for watercooled reactors.

The ASTM specification for zircaloy fuel cladding code ASTM B 353-67

was extended with sections concerning hydride orientation and texture

to meet the requirements of the project. Both factors have been shown

recently to be of importance in the performance of fuel pins. Further-

more several minor alterations and extensions have been made on the

requirements of the chemical analysis, grain size and corrosion

properties (1)

Reference

(1) B. van der Schaaf, "Specifying Zirconium Alloy Canning Tube".

RCN Internal Document RCN-72-0AA.

{t±2±2^ RsciYStallisatio^ot^SO^col^worke^zircaloY-^ (B. v.d. Schaaf)

Zircaloy tube is manufactured by hot extrusion followed by cold defor-

mation to the final dimensions. The cold work is then followed by heat

treatment to obtain the required mechanical and corrosion properties.

The aim of the experimental work was the qualification of the property

changes due to various heat treatments. The results reported could be

considered as a correlation between mechanical properties, texture,

grain size and microstructure (1).

Reference

(1) B. van der Schaaf, "De rekristallisatie van 50% koud gedeformeerd

Zircaloy-2 plaat". Materials Department internal memo 72-018.

4^2^.3^ lexture_measurements_on_zircaloY_tube (B. v.d. Schaaf)

To enlarge the RCN experience on the influence of deformation on the

texture of zircaloy tube, 8 samples with different Q-value were ob-

tained for analysis from Mannesmann Röhrenwerke, Betriebsabteilung

Hellenthal. The results were compared with those of the Mannesmarm

Laboratory and they were found to be in good agreement (1).
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High Q-values caused stronger textures.

Reference.

(1) B. van der Schaaf, "Pole figures of several Zircaloy tubes

produced by Mannesmann Röhrenwerke A.G." RCN Materials Depart-

ment internal memo 72-076.

4^2^4. Fracture_of_hydrided_Zircaloy-2_by_local_mechanical_interaction

(B. v.d. Schaaf)

A stress pattern due to a fuel particle pressing into the cladding has

been simulated out of pile by pressing an indentor in Zircaloy-2 sheet.

Hydrogen content and indenting force have been varied for 50% cold-

rolled and for recovery annealed material. Cracking occurred mostly in

heavily hydrided material (hydrogen content over 500 ppm), or in

material with a hydride layer. Recovery annealed material was less

susceptible to cracking, because of its higher ductility.

Hydrides oriented perpendicular to the sheet surface have not been

found to initiate cracks (1).

Reference.

(1) B. van der Schaaf, "Fracture of hydrided Zircaloy-2 by local

mechanical interation".

Paper presented at the Enlarged Halden Programme Group Meeting,

19th - 23rd March 1973, Sanders teilen Norway; RCN Internal

Document RCN-73-029.

fabrication_of_grids_for_fuel_elements (E. Lijbrink)

Specifications for fabrication of the grids have been written. A spot

welding assembling technique has been developed. It was tried to achieve

a better insight in the parameters influencing the spot weld process by

measuring the electrode voltage and current density as a function of

the time during welding and correlating these data with the measured

shear strength of the spot weld. The aim was to characterise the spot

weld by its electrical process values.

A particular improvement in strength of the weld was obtained by using

an alternating current instead of a condensor discharge. The actual

manufacturing has been controlled. The grids were incorporated in ele-
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ments which are introduced in the core? of the I.ir.ger. r.nd ̂ odcwaard

reactors.

Irradiation experiments were started in cooperation with the Reactor

Design and Engineering Department. PIE will concentrate on fatigue

testing.

4.3. Development of superconductors. (C. van Beynen)

The requirements on magnets for plasma containment of projected fusion

reactors are being studied; in particular the requirements on the

superconductors. Three fabrication techniques of V Ga conductors are

considered. These processes are known from the open literature and they

are being further developed at our laboratory. The first results on

V^Ga produced by the diffusion process were analysed in cooperation

with the Kamerlingh Onnes Laboratory of the University of Leiden in

terms of microstructure, composition and critical current densities at

high magnetic field strengths (1). Figure 1 shows the results of

measurements of the critical current density as a function of the mag-

netic field strength on an early strip sample of V Ga.

Reference.

(1) C. v .d . Klein en C. v. Beynen, "Ontwikkeling van V„Ga voor super-

geleidende spoelmagneten in fusiereactoren". RCN Internal report

RCN-73-004 (1972).

4.4. Techniques for sample preparation for electron microscopy.

(A. Mastenbroek, G. Hamburg)

From the continuing effort on instrumentation and techniques to improve

the analytical work on mechanical properties and structure of reactor

construction materials one particular improvement has been put forward

in the Journal of Physics. It concerns a simplified double jet technique

for preparing transparent specimens for transmission electron microscopy.

This technique makes it possible to limit the production of radioactive

waste. In addition it is easy to apply and reliable to produce specimens

of high quality (1).
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Reference.

(1) A. Mastenbroek and G. Hamburg, "Modified double-jet electrolytic

thinning techniques for transmission electron microscopy".

J. of Phys. E (London) I (1972) 10.
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Magnetic Field Strength (kOe)

Fig. 1 Critical current density of V„Ga as a function of magnetic field strength.
(4.3.) ( First "Short Samples" results on RCN produced V3Ga strip).


